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PREFACE

This final report covers the effort of the optional program on the

NASA HOST Program entitled "Constitutive Modeling for Isotropic Materials"

conducted under Contract NAS3-23925. The effort of the base program is

documented in the Second Annual Status Report. The NASA program manager for

this project was Mr. Albert Kaufman who retired during the latter phase of

this program. Dr. Robert Thompson has been the NASA Program Manager since

Mr. Kaufman's retirement. The program manager at Southwest Research Institute

is Dr. Ulric S. Lindholm. Contributors to this report are Drs. Kwai S. Chan,

Richard A. Page and Mr. Andrew Nagy of SwRI, and Professor Sol R. Bodner of

Technion, Israel, a consultant to this project.
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1.0 INTRODUCTION

The objective of the present program is to evaluate and further

develop existing unified constitutive models for use in finite-element struc-

tural analysis of turbine engine hot section components. This effort leads to

a different approach for nonlinear finite-element computer codes which have

heretofore been based on classical inelastic methods. The unified constitu-

tive theory does not require many of the simplifying assumptions of classical

elastic-plastic theory and is characterized by the use of kinetic equations

and internal variables with appropriate evolution equations for treating all

aspects of inelastic deformation including plasticity, creep, and stress

relaxation. Specific model development has been directed toward isotropic,

cast nickel-base alloys used for air-cooled turbine blades and vanes. The

results of the present program have shown that this approach is particularly

suited for determining the cyclic behavior of superalloy type blade and vane

materials under cyclic loading conditions and high temperature environments,

and is entirely compatible with three dimensional inelastic finite-element

formulations. More efficient and accurate inelastic analysis of hot section

components--turbine blades, turbine vanes, combustor liners and seals--

fabricated from "age-hardenable" isotropic superalloy materials has been

realized as the result of these developments.

The program was conducted in two phases: a basic program (Tasks A

through I) and an optional follow-on program (Tasks J through M). In the

basic program which was completed in 1985 [1,2], two unified constitutive

models, i.e., those of Bodner-Partom [3,4] and Walker [5], underwent further

development for the prediction of the structural response of isotropic



materials for temperatures and strain ranges characteristic of cooled turbine

vanes in advanced gas turbine engines (Task A). A data base of uniaxial and

multiaxial material response characteristics required for the constitutive

model development and evaluation was obtained for the base material, B1900+Hf

(Tasks C and E). The constitutive models were then incorporated into the MARC

Finite-element computer code (Task D). The capability of the analytical

method to predict the structural response was evaluated for multiaxial stress

states (Task E) and nonisothermal conditions by conducting thermomechanical

loading and benchmark notch verification experiments and analysis (Task F).

As a final evaluation of the analytical model, a structural analysis was per-

formed for a hot section component fabricated from the base material For

simulated engine operating conditions (Task G).

In the optional program, material property test procedures were

developed further to obtain the material model constants from a minimumnumber

of conventional tests (Task J).

undertaken to consider thermal

developed constitutive model was

material, Mar-M247(Task L).

Further evaluation of the model was

history effects (Task K). Finally, the

applied and evaluated for an alternate

The work under this program has been conducted as a joint effort be-

tween Pratt & Whitney Aircraft (PWA) and Southwest Research Institute (SwRI)

with technical assistance from Prof. Sol R. Bodner and Dr. Kevin Walker in the

area of constitutive model development. The work and data base generated has

been coordinated closely with another NASA Funded HOST program at PWA (NAS3-

23288) to develop advanced life prediction techniques for isotropic superalloy

vane and blade materials.



The results of the present program have been reported annually in a

series of NASAreports [1,2,6J. Results of the base program are summarized in

the Second Annual Report, while this report documents those of the optional

program. Someof the work in the optional program has been reported earlier

in the Third Annual Report; part of these will be repeated in this report for

the sake of clarity and completeness. While the base program demonstrated

that both the Bodner-Partom and the Walker constitutive models were able to

describe the extensive material data base with acceptable accuracy and were

demonstrated to be efficiently utilized in the MARCfinite element structural

analysis code, the effort in the optional program has dominantly focused on

the Bodner-Partom model for further study. This is not based on the advocacy

of one model over the other but on the limitations of time and resources.

Both models have certain advantages as well as limitations. Both will find

further applications.

3



2.0 DEVELOPMENT OF MATERIAL TEST PROCEDURES (TASK J)

2.1 Determination of Material Constants

The procedure initiated in the base program for determining the

Bodner-Partom model constants was developed Further in Task J of the optional

program. As a consequence of these efforts, the amount of required testing

has been minimized. With the present methods, it is possible to determine the

material constants of the Bodner-Partom model from conventional tensile data

with supplemental creep data if slow strain-rate tensile data is not avail-

able. Since a detailed presentation of the method For constants evaluation

has been presented in the third annual report [6], only a brief outline is

presented here. Procedures for determinating the material constants in the

Walker model were established in the base program. Summaries of the Walker

model, the procedures for determinating model constants, and material

constants for the B1900+Hf alloy were presented in [2].

A summary of the Bodner-Partom model is given in Table 2.1, while

the material constants in the model are listed in Table 2.2. As illustrated

in Figure 2.1, the proposed method relies on the use of work hardening data in

the form of a y versus o plot to obtain the hardening constants, where y is

the derivative of the stress with respect to plastic work (y = do/dWp). An

example of a y-o plot for B1900+Hf is shown in Figure 2.2. The y-o plot pro-

vides values for mI and m2 (assumed to be constants), and also the value of

the saturation stress, Os, at the test strain rate. The dependence of os on

strain rate is used for determining the value of n, Figure 2.3. It should be

noted that the required os data can be generated by either performing tensile

tests on multiple specimens at various strain rates or on a single specimen



TABLE 2.1

A SUMMARY OF BODNER-PARTOM MODEL

l o

2,

3+

F1ow Law:

e . p
¢ij = _ij + ¢ij

• P p
: L Sij ; _kk = 0cij

l

with Sij = eij " _ _ij%k

Kinetic Equation:

0;-Oo °}
with Z : ZI + ZD

P

J2 = ½ SijSij

_2 = D2/J2

Evolution Equations of Internal Variables:

a. Isotropic Hardening
. rl

Fz -:z]
,J

where & = m2(_IsinO - _)f4p

@ = cos -I (Vij_ij) or 8 = cos -I (uij _ij)

)I/2 -- • • I/2
Vij = Bij/(BklBkl Vij : _ij/_SklBkl)

= )112 _ 112
uij _ij/(%l%l , uij = _ij/(._kl_kl)

"" P (o) = O; _(0) = o
with ZI (o) = Zo ; Wp = _ij_ij ; Wp

b. Directional Hardening

Bij = m2 (Z3 uij _ _iJ ) WP . A2ZI rL(BklBkl)ZI I/2]]r2

= ; ZD
wi:h Zo Bijuij (o) = 0 , _ij(o) : 0

V, •

ij

,Material Cons:ants: Do , Zo, ZI, Z2, Z3, ml, m2, _I

Al, A2, r!, r2, n, and elastic constants

In most cases can set: r I = r 2, A1 : A2, Zo = Z2

5



TABLE 2.2

MATERIAL CONSTANTS IN BODNER-PARTOM CONSTITUTIVE MODEL

Constants

Do

Zo

Z1

Z2

Z3

ml

m2

n

Al

A2

"l

r2

Descriptions

Limiting shear strain rate, sec -I (assumed value)

Initial value of the isotropic hardening

variable, MPa, (T)

Limiting (maximum) value of ZI, MPa

Fully recovered (minimum) value of ZI, MPa, (T)

Limiting (maximum) value of ZD, MPa

Hardening rate coefficient of ZI, MPa -l

Hardening rate coefficient of ZD, MPa -l

Kinetic parameter, (T)

Recovery coefficient for Z I, sec "I

Recovery coefficient for ZD, sec -I

Recovery exponent for Z I , (T)

Recovery exponent for ZD , (T)

, (T)

, (T)

Limiting coefficient for non-proportional

hardening effect

Note: Symbol (T) indicates general temperature dependence

6
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involving strain rate jumps. In the latter case, the strain-rate jump should

be made after saturation has occurred. Figure 2.4 indicates that the satura-

tion stresses at _ = i x 10-3 sec -1 obtained based on these two approaches

show little difference. Once n is obtained, the values for Zo, Z1, and Z3 can

be computed from the intercepts in Figure 2.2 using the 0.2% offset yield

stress (or the proportional limit), the saturation stress, and an assumed

value of DO. The procedures outlined so far are applicable for temperatures

at which static thermal recovery is unimportant. For elevated temperatures at

which static thermal recovery is important, the thermal recovery constants

need to be evaluated. This is accomplished through the use of a plot of q

VS. aC-aO, where

q : {Ll[ml(Zl_Zo) + m2(Zo+Z3 )] - m2Oc}_c_ _ (2.1)

_o = [2_n(2Do/V _ _p)]-½n Zo

and oc and _c are the stress and plastic strain rate under steady-state condi-

tions. A plot of q vs Oc-Oo for BI9OO+Hf is shown in Figure 2.5. As dis-

cussed in [6,7], the slope of such a plot is the thermal recovery exponent r,

and the values of q and Oc-Oo can be used to compute the thermal recovery co-

efficient A. This procedure is based upon assuming that AI=A 2 and r1=r2=r.

The proposed procedures have been applied to the B1900+Hf and Mar-

M247 materials in this program with good results. They have also been applied

to HY-80, A533B steels, and Astroloy 700 in other programs at SwRI. In all

cases, very satisfactory results are obtained.

A limited amount of effort has been devoted to examining the possi-

ble effects of grain size and surface coating on the mode] constants through

10
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their influence on the constitutive behavior of the alloys. Figures 2.6-2.8

show that for the BI9OO+Hf material investigated, grain size has only a small

effect on the stress-strain behavior under either tensile or cyclic loading.

The effect of a thermal barrier surface coating on the deformation behavior of

B1900+Hf was investigated by performing a TMF test and those results will be

presented in the next section. It was also found that this coating also had a

negligible effect on the model constants.

2.2 Strain-Aging Effects

Step strain-rate tensile tests in the optional program indicated

that negative strain rate sensitivity, which is a consequence of strain aging

effects, is present in B1900+Hf at a temperature range bounded above by about

760°C, and also exists in Mar-M247 in the temperature range of 23-648°C.

Under this circumstance, certain predictions of the Bodner-Partom model do not

correlate well with the experimental data because strain aging effects are not

included in the model. In addition, it has been suggested that strain aging

can lead to thermal-history effects which can potentially invalidate isother-

mally based constitutive models subjected to nonisothermal loading histories

18,10]. As a result, a small effort has been attempted to incorporate the

strain aging effect into the Bodner-Partom model in order to improve the

accuracy of the model in the regime of influence. A strain aging term is

present in the Walker model [2J; thus, modification of this model is

unnecessary.

Strain aging effects are primarily due to the interaction of dis-

locations and solute atoms with moving dislocations [11-13]. Common observa-

tions associated with strain aging are: (1) serrated flow, (2) negative

strain rate sensitivity, and (3) a plateau in the temperature dependence of

13



1ooo

Em_o.

Q_

"-" 608.

p- 400.

200,

MATER_AL : B!I90B+HF ' '

TEMPERATURE: G4a C

• "--,Grain SiZe!:.8mm

rain Size 2 5 mm

, t , l ,

I,08

FIGURE 2.6

i I i

2. eO il. 00 4.00 5. @0 G. 00

STRAIN (;;)

COMPARISON OF JUMP TEST RESULTS FOR BI9OO+Hf
SPECIMENS AT 648°C ArID WITH TWO DIFFERENT
GRAIN SIZES.

,-.:08.

'CI:
CL

CO
CO
I=U
CIC
I-== 2_.
CO

100.

0, e0

' I' i
HATER]_ AL : B! :900+HF
TEMPERATURE: 982 C

Grain Size = .B mm

D. _),0
1.00 :_. O0 3.00 4 00 5.00 6. O0

STRAIN (_.)

FIGURE 2.7 COMPARISON OF JUMP TEST RESULTS FOR BI9OO+Hf
SPECIMENS AT 982°C AND WITH TWO DIFFERENT
GRAIN SIZES.

14



' ' ! ' I ' I '

,e+. " TEMPERATURE: 982 C ....... i ....... i ....... i ....... i ....... i ......

,Jee STRAIN RATE 4E-4/SEC .... "

:_ee -. 1

-4_0.

-See. I .........
_6_. , I a I _ I _ I _ I + I _ I _ I J I

-I.00 -.@00 - _80 ° 400 - 21_ - 00@ .200 480 _0,_ .00_ I OI_EI

2_.

A

<I

vo, eo

(.o
CO -lee
iii

I------2_.

STRAIN (,,.,

(a)

, , l ,

- BI9OO+Hf

400

3{,0

STRAI_4 RATE: i qE-4 :/SEC i .... : ..... _ ...... : ...... : i

..............................Gr_in Sizie = 2.5 mm i i__:.............

....!.....:......!......._ _Zi..... ' !....

STRAIN (".,_

(b)

FIGURE 2.8 COMPARISON OF CYCLIC BEHAVIOR OF BI9OO+Hf SPECIMENS
WITH TWO DIFFERENT GRAIN SIZES: (a) .8 mm, AND
(b) 2.5 ram.

15



the yield stress. In a review paper, Schmidt and Miller {12] indicated that

solute enhanced strain hardening can be due to a number of processes which

include precipitation and the solute affecting the rate of dislocation

multiplication, annihilation, or the recovery of dislocation structures. As

indicated earlier, strain aging and precipitation have also been linked to

thermal history effects {8-10].

Schmidt and Miller [14] have incorporated a strain aging term into

the unified constitutive equations of Miller [15] by introducing a function

which is added to the isotropic hardening variables. The functional form pro-

posed by Schmidt and Miller to represent solute strengthening is:

F(solute hardening) : ao exp [-aI log(_/_ ° )21 (2.2)

where ao, and aI are constants and _ and _o are the applied and reference

effective strain rates. It is noted that this procedure is an empirical

method for representing the effect of strain aging and does not correspond

directly with physical processes. This functional relationship was adopted in

the Walker model for incorporating strain aging effects [2]. Walker, however,

considered solute hardening to be directional in character and the strain

aging effects were incorporated in the evolution equation for the equilibrium

stress [2l. A possible method for modifying the Bodner-Partom model to in-

clude strain aging effects would be to adopt Equation (2.2) into the evolution

equation for the directional hardening variable, Bij, so that

_ij = m2[Z3 Uij - _ij (i-a)] _p - (thermal recovery term) (2.3)

where a represents the strain aging term given by Equation (2.2). The

constants ao, al, and _o must be evaluated from tensile data in the strain

aging regime. Figures 2.9(a) and (b) show the stress-strain results by
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systematically varying the parameters ao, a1, _o' and strain rate using the

material constants for B1900+Hf at 649°C. The results indicate that a

strength peak can be produced at a strain rate of _ = _o so that the flow

stress decreases when the strain rate is either increased or decreased, which

simulates one of the characteristics of the strain aging effect. The

magnitude of the flow stress enhancement depends on the value of the material

constants ao. Calculations of tensile curves with several strain rate

changes, however, indicate that Equation (2.3) would not produce a strain-rate

independent inelastic flow behavior. Although a negative strain-rate

dependence is obtained, transient overshoots in stress, not observed in

BI900+Hf, are often accompanied with the strain rate changes, Figure 2.10.

Another characteristic of the strain aging phenomenon is the in-

crease in strength with increasing temperature, resulting in a plateau or

strength peak in the temperature dependence of yield strength. Such a

strength peak exists at : 648-760°C in B1900+Hf and Mar-M247. However, the

strength peak in this intermediate temperature range is generally attributed

to the deformation characteristics of the y" phase and is not due to strain

aging [161. It should be noted that a strength peak is also observed in

single crystal and polycrystalline Ni3Al (y') at the intermediate temperature

range. The mechanisms of the strength peak in y" appears to be dislocation

interactions resulting from cross-slip from (111) planes to (010) planes

[16]. The latter type of dislocations are sessile and they tend to interact

with subsequent dislocation movements on the (111) planes. The consequences

are anomalous temperature-strength behavior, asymmetric flow, and unusual

hardening behavior. Since BI900+Hf and Mar-M247 contain approximately 60%

(±5%) volume fraction of y', it is possible that the observed temperature-

strength behavior and thermal-history effects in Ni-alloys are caused by Ni3Al

18
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rather than strain aging. Because of the uncertainties of the underlying

mechanisms, further attempts to include strain aging effects in the Bodner-

Partom model were discontinued.

Unusual cyclic hardening effects, to be presented in the next sec-

tion, were observed in TMF cycling of BI900+Hf in the temperature range of

538-760°C; transmission electron microscopy revealed that the anomalous

hardening behavior originated from dislocation interactions in the y" phase.

2.3 Xonproportiona] Hardening

As discussed in [6], the Bodner-Partom model somewhat overpredicts

the stress response of Mar-M247 subjected to 90 ° out-of-phase tension-torsion

strain cycling. Similar results were also observed in the calculations for

BI900+Hf [2]. In order to examine this effect, exercises were performed using

the Bodner-Partom model and the constants for Mar-M247 at 982°C. The loading

sequence was: (1) uniaxial strain cycling under an axial strain range of ±.4%

for 5 cycles, (2) 90 ° out-of-phase tension-torsion for two and one-half cycles

at an effective strain range of ±.4%, and (3) return to axial loading as

described in Step (1). The calculated _ vs. V3T responses associated this

sequence is shown in Figure 2.11(a). It is noted that cyclic saturation is

almost attained after uniaxial cycling for 5 cycles. Additional cyclic

hardening, however, is observed when the 90 ° out-of-phase cycle is applied.

This nonproportional hardening saturated rapidly, and the o-V3_ locus becomes

stable in the second cycle. Detailed examination of the internal variables

indicated that the calculated nonproportional hardening effect is the conse-

quence of an increase of the directional hardening variable, ZD, when the

loading condition is changed From uniaxial to out-of-phase loading. This

20
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nonproportional hardening effect is transient and diminishes as the loading

condition is returned to uniaxial loading. The corresponding history for the

directional hardening variable, ZD, is shown in Figure 2.11(b).

A possible explanation for this transient nonproportional hardening

is that the conditions for cyclic saturation under uniaxial loading and non-

loading are different. For the latter case, itproportional, multiaxial

appears that

ZD = Bijuij = constant

during cyclic saturation under a 90 ° out-of-phase strain cycle.

ZD = Bij6ij + (3ijuij = 0

(2.4)

As a result,

(2.5)

ZI : 0 (2.6)

would be the conditions for cyclic saturation under nonproportional loading.

On the other hand, the condition for cyclic saturation under uniaxial strain-

ing is ZI = O, but ZD varies continually with cycling and its amplitude

depends on the cycle strain range.

This type of nonproportional hardening effect appears to be present

in B1900+Hf and Mar-M247. The effect, however, is quite small and becomes

saturated within one cycle. The overprediction of the axial stress by the

Bodner-Partom model for 90 ° out-of-phase loading appears to be primarily due

to overestimation of this transient, nonproportional hardening effect.

Further examinations of the calculated results and Equation (2.5) revealed

that the discrepancies can be completely eliminated by an adjustment of the

thermal recovery constant A2 in the expression for _ij' as illustrated in

22



Figure 2.12. Since the magnitude of directional hardening Bij is essentially

constant under 90° out-of-phase loading, it would be sensitive to the thermal

recovery constant at elevated temperature. It may therefore not be proper to

set AI=A2 when dealing with multiaxial nonproportional loading at elevated

temperature.

2.4 Update on Finite-Element Analysis of the Benchmark Notch Specimen

Finite element analyses of the benchmark notch-round specimens were

performed in the base program using the MARC Code [17] and the Walker consti-

tutive model. The Bodner-Partom model was not used in these numerical appli-

cations. In the last two years, there has been an effort at SwRI to develop

an in-house elastic-viscoplastic finite-element code which is suitable for

high strain rate (> 104 sec -1) structural applications. This finite-element

code, which has been completed during the last year, uses the Bodner-Partom

model with isotropic hardening. Because of the availability of this new

finite-element code, an analysis of the benchmark notch-round specimen sub-

jected to a monotonic load was performed. The analysis was intended as a

check of the finite-element code and was carried out in another SwRI project

at no cost to NASA. Since the results are of interest to this program, the

benchmark notch calculations are reported here also.

Figure 2.13 shows the finite-element mesh used in the benchmark

notch calculations. It consists of 283 axis-symmetric elements with 1832

active degrees of freedom.

displacement control, the

boundary elements. The

Since the benchmark notch test was conducted under

load-line displacements were prescribed on the

Finite-element calculations were performed on a

VAX/780 computer, and the CPU time was approximately one and one-half hours.
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Figure 2.14 shows the excellent agreement between experiment and finite-

element calculation based on the Bodner-Partom model. Previously reported,

the finite-element calculations based on the Walker model and MARCcode

overpredicted the applied load at a given diametrical displacement. These

finite-element results, together with previous results on the turbine blade

analysis, indicate that the unified constitutive models are viable for

structural applications based on the finite-element method.

26



Z

0

0
..J

45

36

27

18

g

I

O"

il

-1.25

I I

FEM Analysis With

Walker Model,

MARC Code

<> FEM Analysis With

Bodner-Partom Model,
SwRI Code

0 Experiment

I I
0.0 1.25 2.50 3.75

Diametrial Displacement, 10-2 mm

FIGURE 2.14 COMPARISON OF MODEL PREDICTIONS WITH EXPERIMENTAL
RESULTS OF THE BENCHMARK NOTCHED SPECIMEN UNDER
MONOTONIC LOADING

27



3.0 THERMAL HISTORY EFFECTS (TASK K)

3.1 Thermal H|stor_ Effects--Literature Surve_

A literature survey was conducted as part of Task K1 to assess the

effects of thermal history on constitutive behavior and their implications

with regard to constitutive modeling based on the unified approach. The

literature survey indicated that the inelastic response of metals [8,9,18] in-

cluding yield surface determinations [19], depends, in general, not only on

the current temperature but also on the thermal history. This is analogous to

the fact that inelastic deformation depends on the deformation history as well

as on the current stress. In some instances, the hardening response of mate-

rials is observed to differ under isothermal and nonisothermal conditions

which has generally been attributed to either strain aging {8,9] or other

microstructural effects [18].

Thermal history effects are usually modeled in the unified consti-

tutive approach by including thermal terms in the evolution equations for the

isotropic and directional hardening variables [10,20]. The general Forms of

the evolution equations for the isotropic hardening variables, K, and the

directional hardening variable, _ij' are as follows [201:

= F(J2,K,T ) = hI(K,T)_ I - rI(T,K )

_ij = G(°ij'_ij'T) = h2(_ij'T)_ij

for isothermal loading, and

(3.1)

- d(_ij,T)_ij - r2(_ij,T)Vij (3.2)

= hI(K,T)_ I - rI(T,K ) + eI(K,T)T

_ij = h2(_ij'T)_ij - d(_ij'T)_ij - r2(_ij'T)Vij

(3.3)

(3.4)

+ e2(_ij,T)T Wij
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where h1, r I, and eI represent, respectively, the hardening, static thermal

recovery, and thermal history functions for K; h2, d, r 2, and e2 represent the

hardening, dynamic recovery, static thermal recovery, and thermal history

functions for Rij' respectively; _ij and _ij are the hardening measure; Vij

and Wij are directional indices. Specific forms of _ij' _ij Vij' and Wij are

given in [20].

The appropriate forms of eI and e2 are not well established at this

time. A general approach for modeling thermal history effects is to express

eI and B2 as functions of the internal variable and temperature {i0,20{. New

internal variables may also be introduced [18]. In a particular approach

[2,5,21], eI and e2 are taken as functions represented by the temperature

derivatives of the evolution equations for isothermal conditions {2,5,21}.

oI(T ) : F(J2,K,T), T (3.5)

B2(T ) = G(_ij,T,oij), T (3.6)

which generally contain terms involving the temperature derivative of material

constants. Temperature-dependent material constants in the kinetic equation

are treated in a similar manner. Comparisons of thermomechanical constitutive

data of B1900+Hf and calculations using the Bodner-Partom and Walker models at

SwRI and PW&A indicated that this approach led to reasonably good agreement

between theory and experiment [2] suggesting that thermal history effects

associated with TMF cycling can be predicted based on isothermal data alone.

No additional temperature rate (T) terms other than those represented by

Eqs. (3.5) and (3.6) were needed. Whether or not this conclusion is valid for

other materials or thermal paths remains an open question.
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Recent thermomechanical studies [8,9] report response characteris-

tics under nonisothermal conditions which are substantially different from

those manifested under isothermal circumstances. While these studies clearly

demonstrate the presence of strain aging and thermal history effects on the

behavior of certain structural alloys, the results do not contradict the pos-

sibility of predicting thermal history effects by an appropriate constitutive

model which uses material constants based on isothermal data. A systematic

evaluation of model prediction against experimental results obtained under a

variety of thermomechanical paths is required to resolve this issue.

Based on the results of this literature survey, SwRI recommended

that efforts in Task K2 be directed to examining thermal history effects in

B1900+Hf by thermomechanical cycling: (1) at a temperature range where strain

aging effect is prominent, (2) at a temperature range where microstructure

changes such as precipitation or resolution of precipitates could occur, (3)

at various heating rates, (4) using different thermal paths, and (5) with

elastic as well as inelastic paths. The experimental efforts have been

coupled with parallel analytical efforts to determine whether or not thermal

history effects can be predicted using the Bodner-Partom model in conjunction

with material constants obtained solely from isothermal data.

3.2 Thermal History Effects: Numerical Inteqration

The various unified constitutive models proposed in the literature

contain material constants of which some are temperature dependent. These

temperature-dependent constants can include the initial and, in certain

models, the limiting values of the hardening variables, and also terms in the

kinetic equation. Using these constitutive models For thermomechanical
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loading requires a judicious means of tracing and updating the current values

of the hardening variables and the other materials constants during tempera-

ture changes. A theoretical framework for this purpose is presented in this

section. The results of this investigation also indicate the general forms of

evolution equations for the hardening variables when temperature rate terms

are included.

At a temperature T and a temperature rate T (T = dT/dt), all of the

unified constitutive models can be represented in the following form:

_P = f (o , x , T) (3.7)

: _ (_, x , T) (3.8)

o : D (_ - _P) + e(_ , D) t (3.9)

with
aD

(_ , D) = [E - _P - _ (T-To) ] aT

3_ al- D [(T-To) 7 + (3.1o)

where c , cp inelastic (plastic) strain,, o , and x are the total strain,

stress, and hardening variable vectors, respectively; D is the stiffness

matrix and a is the coefficient of thermal expansion. The dot above the

variables denotes the derivative of the variable with time. It should be

noted that Equation (3.10) is obtained by differentiating Hooke's law with

respect to time for thermomechanical loading conditions by including effects

of temperature change on the elastic moduli and coefficient of thermal

expansion.
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Using Tanaka's approach {221, an implicit time operator is used for

integrating the rate equations in the unified models. The incremental stress

vector Ao, strain vector A_, nonelastic strain vector AEp, and structural

variable vector Ax, occurring in the time interval at = bt - at can be defined

as

Ao : At{(1-n) a_~ + n bo} , (3.11)

b;} ,= At{(1-n) + n ~ (3.12)

= b_p} ,a_p At{(1-n) a_p + n ~ (3.13)

AX = at{(1-n) a_ + n } , (3.14)

in which b( ) and a( ) represent the values of the parameters ( ) at

t = b and t = a , respectively. The implicit time operator, n , has values

ranging from 0 to unity, i.e.,

0 _< n < i (3.15)

It should be noted that the numerical scheme reduces to Euler's explicit

method when n = 0, and to Euler's implicit method when n = 1.

The values of _P and R , at time t = b can be approximated by their

previous values and their gradients at t = a through Taylor's expansion:

b;p = af + af ao + af ax + af AT
~ ~,o ~,x ~ ~,T

(3.16)

b_ = ag + ag _p a_p + ag ax + ag AT
~ ~,~ ~,x ~ ~,T

Substituting Equations (3.7-3.10) and Equations (3.16-3.17) into

(3.11-3.14) and after rearranging terms leads to

(3.17)

Equation
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I I + [ AV'~
(3.18)

or
a_p

+

(3.19)

isothermal terms nonisothermal terms

where

-nat af
~_o

= 0

I

-nat af 0

_ag I-nat a_ 0
~,_p - ,x ~

~

D o -_

(3.20)

AV=

at{af _ n(a_p _ af)}

at{(a_ _ ag a_p)
~ ~,_P ~

0

_ n(a_ _ ag) (3.21)
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nataf,T

and AV" = nAta_,T (3.22)

It is important to note that Equations (3.19) are divided into isothermal and

nonisothermal terms. The nonisothermal terms include the thermal load terms

and the terms representing the temperature derivatives of the kinetic equation

(f) and the evolution equations of the hardening variable (g). The

temperature dependence of the material constants enters directly in the

expression for af and ag The approach outlined above was applied to the
~,T -,T"

Bodner-Partom model and used in all the numerical calculations shown in this

program.

For the Bodner-Partom model,

: x Sij (3.23)

gl = zI (3.24)

gD
~ = Bij

whose temperature derivative are as follow:

(3.25)

_ i Z2 Z2 _pjf,T 2 _,n (3.26)
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gD
~ ,T

I

g,T = 2mlVD2J 2 I ]rlz z2
\_T'J- AIZI Z 1

I dA1

A1 dT
+ &n

Z - Z2

Z1

(dZ 
2m2/D2J 2 uij \d--T-)-A2ZI

IBk_Bk_

Z1

r2

(3.27)

+ _n (3.28)

It is noted that this model contains relatively few temperature-dependent

material constants (compared to other models) which simplifies the numerical

work. From Equations (3.26-3.28) it is clear that the temperature derivatives

of the material constants are needed in the nonisothermal load terms in

Equations (3.19). The appropriate temperature derivatives of the Bodner-

Partom model constants for B1900+Hf are obtained by fitting the temperature-

dependent material constants, shown in Table 3.1, to appropriate functions and

then taking derivatives of those functions with respect to temperature. Sum-

maries of the expressions representing the temperature dependence of the model

constants for BI900+Hf are given in Table 3.2.

3.3. Thermomechanicai Constitutive Testinq

3.3.1 Experimental Set-up

Thermomechanical response tests were conducted on an MTS hydraulic

testing machine equipped with an inducting heating unit, a dynamic temperature
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TABLE 3.2

TEMPERATURE DEPENDENCE OF THE BODNER-PARTOM MODEL
CONSTANTS FOR B19OO-+Hf

n = 1.055

2.394.74
n = -1.0524 + T

Zo = Z2 = 2700 MPa

8.5 x 106

Z° = Z2 = -4950 + (T+273)
MPa

T <_863.4°C

863.4°C < T _< I093°C

T _<838°C

838°C _ T s 1093°C

30580 ] -IAI = A2 = 1.319xi09 exp - (T+273) sec
T < 1093°C
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monitoring system, a thermal strain compensator, and a cooling system for the

test specimen. A schematic of the TMF testing system is illustrated in

Figure 3.1. The specimens could be subjected to controlled axial extension or

compression at a prescribed temperature-time history. The dynamic temperature

monitoring system, which consists of a number of thermocouples and isolation

amplifiers, was constructed at SwRI and was used both for temperature control

and for measuring the temperature profile along the gauge length of the test

specimen. The thermal strain compensator, also built at SwRI, is an elec-

tronic circuit device which reproduces the thermal strain of the test specimen

at a given temperature. As indicated in Figure 3.1, the input to the thermal

strain compensator is temperature (from the temperature controller), and the

output is a voltage signal corresponding to the thermal strain of the test

specimen at that temperature. In a TMF test, the thermal strain signal is

added to the prescribed mechanical strain signal in the MTS machine

controller.

The thermomechanical test specimens were of tubular geometry, as

shown in Figure 3.2(c), and were heated by induction heating and cooled both

externally and internally by forced cold air (at RT). Internal cooling was

accomplished by flowing room temperature air through the center of the tubular

specimens and the grip system. The forced cold air flow was regulated with

solenoid-operated flow distribution manifolds. The performance of the TMF

testing system was evaluated by cycling from 538 to 982°C. Figure 3.3 shows

good agreement between the prescribed temperature setting and the temperature

on the specimen measured by the thermocouple located at the center of the

specimen. The temperature distribution along the gauge length of the specimen

was within 20°C of the prescribed temperature. This temperature gradient was
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less than 9°C during heating but a 20°C gradient occurred along the axial

direction of the gauge length of the specimen during cooling. The lower part

of the specimen was persistently hotter than the prescribed temperature

because of the direction of internal cooling air flow.

For calibrating the thermal strain compensator, the thermal strain

values of B1900+Hf and Mar-M247 were measureu by heating the specimens, at

zero load, from 38°C to 982°C and then cycling between 538°C to 982°C for ten

cycles. Figure 3.4 shows that the thermal strain of BI900+Hf is a nonlinear

function of temperature. Consistent thermal strains were obtained during

thermal cycling indicating good reproducibility. The thermal strain data of

Mar-M247 are identical to those of BI900+Hf. After calibration, the thermal

strain compensator was evaluated by performing TMF strain cycling using the

thermal strain compensator as the control input. Such a thermomechanical

strain cycle should ideally lead to zero stress on the specimen. The maximum

thermal stress observed on specimens under these check tests was less than

14 MPa.

Figure 3.5 shows a close-up view of a TMF specimen under test during

TMF cycling at temperatures between 538 to 982°C. In addition to the

induction coils, Figure 3.5 shows the small copper tubings used for external

cooling and the externally mounted extensometer which is attached to the

specimen through ceramic reach-rods. The reach-rods are placed on two small

indents which are 25.4 mm apart and within the gauge length of the specimen.

42



0
0

I I

w ,i

I I I I I
° 8 = o = 8

J

z
,,i

IN

z

(J
o

co

o
I-,-cr_

LU
(J.-I
o tD
00>-
cot._

'5- :=-

r-,_o
L_I,

LUo
-r- C_I

CO

i,i
_"0

_-o

c_

-I-

O0
Or,,,
_LL

O0 r"_

I.LO

ZO

P,'I_
I---
V') I---

.--I

ILl

-e'>-
F-'- (.D

_4

(%) u_e_S LOu_aql

4.3



ORIGINAL PAGE IS

OF POOR QUALITY

FIGURE 3.5 A CLOSE-UP VIEW OF A THERMOMECHANICAL CYCLIC
SPECIMEN UNDER CYCLING FROM 538°C TO 982°C.

The specimen is heated by induction heating
and cooled by feeding cold (RT) air internally
through the tubular specimen and externally
using small copper tubes.
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3.3.2 Non-isothermal Loadinq Paths

A number of experiments involving various thermomechanical loading

paths were used to test the unified constitutive approach. The test matrix,

shown in Table 3.3, consisted of simple as well as complicated paths of

strain and temperature. Four types of nonisothermal tests were performed:

(1) step temperature tensile tests; (2) step temperature creep tests; (3) step

temperature cyclic tests; (4) thermomechanical fatigue (TMF) tests. The

strain-time and thermal history for these tests are schematically illustrated

in Figures 3.6-3.9.

As shown in Table 3.3, six-step temperature tensile tests were per-

formed. In these tests, the specimens were pulled at a constant strain rate

up to a strain level of 1-2% at an initial temperature T1. With continued

straining, the test temperature was then changed at a prescribed heating or

cooling rate until it reached T2. After an additional O.5%strain at T2, the

test temperature was changed again to T3 in a similar manner. In some cases

the specimen Failed after only one temperature change.

In the step temperature creep experiments, the specimens were first

subjected to a constant stress _1 at temperature TI until a steady creep rate

was reached. The test temperature and the imposed stress were then changed to

T2 and o2, respectively. After a steady state creep rate was attained, the

test conditions reverted back to oI and T1 if the specimen was still intact.

Six step temperature cyclic tests were performed. As indicated in

Table 3.3, two of the test specimens were subjected to fully reversed strain

cycling with a strain range of ±0.4% at TI. After cyclic saturation, the

temperature was raised to T2 and held at the peak strain For two hours. The

test temperature was then lowered to T1, and the specimen was cycled again at
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TABLE 3.3

TEST MATRIX FOR THEP,MOMECHANICAL CONSTITUTIVE TESTING
OF B1900+Hf

(1.) Step Temperature Tensile Tests:

Specimen Test # _, sec -I TI,°C T2,°C

K9 I 1 x 10-4 538 760

K2 2 1 x 10-4 760 982

K1 3 1 x 10-4 982 760

K5 4 1 x 10-4 760 982

K4 5 4 x 10-6 760 982

K3,K11 6 1 x 10-4 760 538

1A 6A 1 x 10-4 871 649

(2.) Step Temperature Creep Tests:

T 3, °C

538

760

982

760

760

Specimen Test # ol,MPa TI,°C o2,MPa

K8 7 690 649 427

K6 8 690 760 215

K7 9 215 982 690

(3.) Step Temperature Cyclic Tests:

Specimen Test # A_1,% TI,°C A_2

i0 ±.4 538 hold at

peak strain

hold at

peak strain

±.4

±.4

±.4

K17

K16 11 ±.4 538

K12 12 ±.4 538

13 ±.4 760

K13 14 ±.4 982

T2, °C

760

982

982

538

538

T2, °C

871

982

760

_min

-1

-1

-I

-I

-I

T,°C/sec

4.4

4.4

4.4

4.4

0.44

4.4

4.4

T,°C/sec

4.4

4.4

-4.4

T, °C/sec

4.4

4.4

4.4

4.4

-4.4
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TABLE 3.3 (CONTINUED)

TEST MATRIX FOR THERNOMECHANICAL CONSTITUTIVE TESTING
OF B1900+Hf

(4.)

Specimen

1B

1D

1E

1C

Thermomechanical Cyclic Tests:

Test # T,°C/sec T Range,°C _,sec -I AE,%

2.8 538-760 lX10 -4 ±.4

1.85 538-760 lX10 -4 ±.6

15

16 2.8 538-760 lX10 -4 ±.4

1.85 538-760 lXI0 -4 ±.6

17 5.6 538-982 IX10 -4 ±.4

3.7 538-982 lX10 -4 ±.6

18 5.6 538-982 IX10 -4 ±.4

(Coated
Specimens) 3.7 538-982 lx10 -4 ±.6

Loading Mode

in-phase

in-phase

out-of-phase

out-of-phase

out-of-phase

out-of-phase

out-of-phase

out-of-phase
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±0.4_ strain until cyclic saturation was again obtained. In the other four

cyclic tests, the specimens were cycled initially at ±0.4_ strain at T1 until

cyclic saturation. The temperature was then changed to T2 while cycling at

±.4_ strain continued. After cyclic saturation at T2 occurred, the test tem-

perature reverted back to T1 with continued cycling.

Four thermomechanical fatigue tests were performed using transgranu-

lar waveforms with the imposed temperature and strain being either in-phase

{Figure 3.9(a)] or out-of-phase {Figure 3.9(b)]. In the former case, the tem-

perature and strain imposed on the specimen increased and decreased linearly

with time in similar manner reaching their respective maxima and minima at the

same time. For the out-of-phase tests, temperature and strain varied linearly

with time in opposite directions, e.g., a temperature increase was coupled to

an imposed strain decrease (compression). The strain maxima occurred at the

minimum temperature, while the maximum temperature occurred at the minimum

strain. Both an in-phase and an out-of-phase cycle were performed for TMF

cycling between 538 to 760°C. Only the out-of-phase cycle was performed for

TMF cycling between 538 to 982°C. For examining coating effects, this out-of-

phase cycle was also applied to the B1900+Hf specimen coated with yttrium-

stabilized zirconia. All the four TMF tests were performed for strain ranges

of ±0.4% and ±0.6% at a strain rate of lx10 -4 sec -I.

3.4 Results: Experiment and Model

3.4.1

conducted

Nonisothermal Tensile Tests

Figure 3.10 shows the nonisothermal (step temperature) tensile tests

in the 760-982°C temperature range where thermal recovery is
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important but without the possible complications of strain aging. The imposed

strain rate was lx10 -4 sec -I and the heating or cooling rate was 4.4°C/sec.

In one of the tests, the specimen (K3) was pulled isothermally at 760°C to 2%

strain. In a second test, the specimen (K1) was pulled at 982°C to a strain

of 1%, and the temperature was then decreased at 4.4°C/sec to 760°C. The tem-

perature reached 760°C at a strain of 1.5%, and the specimen was then pulled

isothermally at 760°C. The results in Figure 3.10 show that the nonisothermal

specimen (KI) exhibited similar stress-strain behavior at 760°C and appears to

reach approximately the same value of saturation stress as the isothermally

tested specimen (K3) indicating little thermal history effect. In a third

test (Specimen K2), the test temperature was initially at 760°C and was then

increased to 980°C after 1% strain. In this case, the stress-strain behavior

of the nonisothermal specimen (K2) at 982°C was also consistent with that

extrapolated from the isothermal curve for 982°C (KI); i.e., the same value of

stress at steady-state conditions. These results indicate that the steady-

state tensile deformation behavior of B1900+Hf in the range of 760-982°C de-

pends on the current test temperature but not on the thermal history.

Before a comparison of model and experiment is presented for the re-

sults shown in Figure 3.10, it is instructive to compare these nonisothermal

test data, which are based on tubular specimens, with previously obtained iso-

thermal data of round-bar specimens. Such a comparison, shown in Figure 3.11,

reveals that the tubular specimens used for the nonisothermal tests are some-

what weaker at 982°C but stronger at 760°C than the round-bar specimens.

Figure 3.12 shows the nonisothermal stress-strain curves predicted by the

Bodner-Partom model using material constants based on isothermal test data

(round-bar specimens). Qualitatively, there is good agreement between theory
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and experiment, as both the experimental and the predicted results indicate

that absence of a thermal history effect on the steady-state or saturation

stress at a given imposed strain rate. Quantitative comparisons of theory and

experiment in Figures 3.13 and 3.14 indicate that the Bodner-Partom model

overpredicts the stress at 982°C, underpredicts that at 760°C. The discrep-

ancies appear because the model constants were determined from the isothermal

baseline data which are slightly different than that of the tubular specimens

used in the nonisothermal tensile experiments tested under the same

conditions.

Nonisothermal tensile tests were also conducted in the 538 to 760°C

temperature range where strain aging effects could possibly occur {23]. In

these tests, the specimens were strained at a constant rate of 10-4 sec -1 at

an initial temperature TI to a strain of _ 2%. The test temperature was then

changed to T2 at a heating (or cooling) rate of 4.4°C/sec while constant

straining continued. In all cases, the specimen temperature stabilized at T2

at _ 2.5%. Figure 3.15 shows the nonisothermal tensile test results for

B1900+HF for the two cases: (I) straining initially at 538°C with the temper-

ature subsequently raised to 760°C (Specimen K9), and (2) straining initially

at 760°C with the temperature reduced to 538°C (Specimen K3 and Kll). The re-

sults in Figure 3.15 indicate that the nonisothermal, plastic flow behavior of

B1900+Hf at 760°C (Specimen K9) is in agreement with that extrapolated from

the isothermal data (Specimen K3 and KII). This behavior suggests that there

is no thermal history effect on plastic flow, and it is consistent with the

nonisothermal tensile data obtained in the temperature range of 760 to

982°C. On the other hand, the plastic flow behavior of BI900+Hf at 538°C

appears to depend, in part, on thermal history since different values of the

57



0

o

CO

(ecli,,l) sse._:_S

_J

58



0

I x
i I

0

w

I
I
I
I

\

\
t

ssa._5

e-

,lle

c

u

_o

,,_-
._10

I-- r,_

u./ t._l
•'.r- e,_

OF--

_.J
,.JF-

F--r

I--

,.._ _j

e"_ -w I-.-

LL C.._ "-r-

,4

i.i_1

59



(BdW) SSaJ_S

(._
z

r'_
.(./)

e',,,,
o
LJ-

et3.
Z
o

I--

L,IJ
r_

..J

0

-I"
I--

I--
.JILl

(./') Z

UJUJ

,..j r_

¢/_ I--
z,,:_
L_Jr_

_J (.,_
"I-o
I---o

LI_L_
O'-r"

b-

¢Ye-_

_'V')

L._ I--

e_

6O



saturation stress were obtained under isothermal and nonisothermal straining

conditions.

To further clarify the deformation behavior of B1900+HF in the

temperature range of 538-760°C, an isothermal tensile test was performed at

538°C under a strain rate of Ix10 -4 sec -1 (Specimen J3-1). Figure 3.15 shows

that a large variation in the stress-strain behavior of B1900+HF is observed

between Specimen J3-1 and K9 at 538°C. The response curve for Specimen J3-I

is in reasonable agreement with those of Specimens K3 and K11 for the portions

at which T = 538°C. From Figure 3.15, it is clear that there is a large

scatter in the isothermal data for B1900+Hf at 538°C. It is therefore not

possible to conclude from these tests whether there is a thermal history

effect associated with plastic straining of B1900+HF in the "strain aging"

regime (538-760°C). This question will be raised again in relation to the

nonisothermal cyclic tests.

3.4.2 Nonisotherma] Creep Tests

The effects of thermal history on the steady-state creep behavior of

B1900+Hf were investigated by performing step-temperature creep tests. In

these tests, the specimens were subjected to a series of load and temperature

histories designed to demonstrate whether or not the steady-state creep rate

at a given stress and temperature depends on thermal history. Figure 3.16

shows the nonisothermal creep results obtained by applying an initial stress

of 215 MPa at 982°C (to Specimen KT) until a steady-state creep condition is

reached (_ = 1.3x10 -6 sec-1). The temperature and the imposed stress were

then changed to 760°C and 690 MPa, respectively, for which the steady-state

creep rate became 7.5xi0 -7 sec -I. Subsequently, the stress was changed back
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to 215 MPa and the temperature to 982°C. The new steady-state creep rate then

becomes 1.2x10 -6 sec -I, which is essentially the same as that obtained

initially under similar test conditions. In Figure 3.17, the specimen (K6)

was initially subjected to 690 MPa and 760°C which upon reaching steady state

conditions, was changed to 215 MPa and 982°C. Examination of the test results

in Figures 3.16 and 3.17 indicates that the steady-state creep rate of

BI900+Hf depends on temperature and the applied stress, but not on the thermal

history to within the experimental error. This conclusion also holds for

creep behavior at 649°C. As shown in Figure 3.18, the creep rate for B1900+Hf

at 690 MPa and 649°C, both before and after creep at 871°C and 427 MPa, was

essentially zero. Because of the lack of thermal history effects, comparison

of the nonisothermal creep data with those obtained isothermally in

Figure 3.19 indicates good agreement between the two set of creep data, as well

as with the Bodner-Partom and Walker models.

3.4.3 Nonisothermal Cyclic Tests

As in the nonisothermal tensile tests, the nonisothermal (step

temperature) cyclic tests were performed at temperature ranges either in the

thermal recovery regime (T > 760°C) or the "strain-aging" range (538°C < T <

760°C). In Figure 3.20, the specimen was strained at ±.4% at 538°C until

cyclic saturation. The test temperature was then increased to 760°C and was

held at peak strain (.4%) for two hours. There was a slight stress relaxation

during strain hold, as shown in Figure 3.21(a). After reducing the test

temperature to 538°C, strain cycling was resumed at ±.4%, and the obtained

saturated hysteresis stress-strain loops were essentially identical to those

observed before the strain hold. The Bodner-Partom model predicted hysteresis

loops, shown in Figure 3.21(b), which show fair agreement in the stress

levels, both during cycling and strain hold.
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A strain cycle similar to the one described in the previous

paragraph was conducted on another specimen, but with strain hold at 982°C

(Figure 3.22). Increasing the temperature for strain hold increased the

amount of stress relaxation {Figure 3.23(a)I. Subsequent strain cycling at

538°C resulted in saturated hysteresis loops which were again essentially

identical to those obtained before the strain hold. The Bodner-Partom model

calculations for this strain cycle are shown in Figure 3.23(b).

Additional cyclic tests were conducted under nonisothermal and con-

tinuous straining conditions. Figure 3.24 shows the hysteresis loops for

B1900+Hf strained at _ = 4x10 -4 sec -1 and 538°C until cyclic saturation. The

test temperature was then increased to 982°C, while the specimen was under

concurrent strain cycling. After cyclic saturation occurred at 982°C, the

test temperature was reduced to 538°C with the specimen under the same imposed

strain cycling conditions. The subsequent cyclic saturated hysteresis loops

at 538°C were found to be identical to those obtained before the nonisothermal

histories were imposed (Figure 3.24). Rearranging the test temperature

sequences to strain cycling at 982°C, 538°C, and then 982°C produced similar

results with the cyclic saturated hysteresis loops for 982°C before and after

thermal excursion to 538°C being identical (Figure 3.25).

Figure 3.26(a) shows the nonisothermal cyclic results for the case

in which the specimen (1F) was cycled at aE = ±.4% initially at 760°C. After

cyclic saturation, the test temperature was reduced to 538°C while the same

strain cycling conditions were maintained. When cyclic saturation was

achieved at 538°C, the temperature was then increased to 760°C, and strain

cycling continued until saturation. The whole strain/temperature cycling

histories were also repeated For Ac = ±.6%, and the results are shown in

Figure 3.26(b). As shown in Figures 3.26(a) and (b), the cyclically saturated
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hysteresis loops of BI9OO+Hf for T = 760°C do not depend on thermal history

when strain cycled at a_ = ±.4% and a_ : ±.6% with temperature changes from

760°C to 538°C and then back to 760°C.

Comparisons of the nonisothermal cyclic data with previously

obtained isothermal cyclic data shown in Figures 3.27, 3.28, and 3.29 for

538°C, 760°C, and 982°C, respectively, indicate that the stress ranges of

saturated hysteresis loops at a given strain range are independent of thermal

history for specimens tested in either the strain aging regime (538°C) or in

the regime where thermal recovery is important (982°C). These results are

consistent with previous tensile and creep data obtained in the thermal

recovery regime, which indicated that the saturation stresses and the steady

state creep rates depend on the current temperature and loading conditions,

but are independent of thermal history.

3.4.4 Thermomechanical Fatique Tests

Two of the thermomechanical fatigue tests were performed in the

temperature range of 538°C to 760°C. The strain rate was Ix10-4 sec -I, and

the imposed strain ranges were ±.4% and ±0.6% in each of the tests. In one

test with Specimen IB, the imposed strain was in-phase with temperature as

both strain and temperature increased or decreased linearly with time. For

the other test, on Specimen 1D, the imposed strain varied out-of-phase with

temperature. Test results for both the in-phase and out-of-phase cycles in

Figures 3.30-3.33 showed cyclic hardening at the hot end of the cycles (760°C)

but not at the cold end (538°C). For the thermomechanical cycles at ±.6%

strain range, the Bodner-Partom model predictions are in good agreement with

experiment as shown in Figures 3.31 and 3.33. For cases at which _ = ±0.4%,

as shown in Figures 3.30 and 3.32, the Bodner-Partom model predicted
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TMF loops are larger than that observed in the experiments. The discrepancies

are primarily due to the small strain values (±.4%) in the near yield region

of the stress-strain curves, which is very sensitive to specimen variation and

small differences in the values of the model constants. An interesting

computational result is that the constitutive model does indicate some degree

of cyclic hardening at the hot end of the cycle. This asymmetrical cyclic

hardening is less pronounced than the test results and saturates more rapidly

at the higher strain range.

The third thermomechanical fatigue test was an out-of-phase TMF

cycle conducted in the temperature range of 538°C to 982°C at ±.0.4% and ±0.6%

strain ranges. Under these conditions, thermal recovery is present at the hot

end of the cycle (982°C), while strain aging might be present at the cold end

(538-760°C). The type of unusual, asymmetric cyclic hardening observed in the

two previous TMF cycles was not present in these strain cycles as shown in

Figures 3.34 and 3.35. Comparison of the predicted curves with experimental

results indicates good overall agreement between theory and experiment with

slight underprediction of the stress near the cold end of the cycle (538°C).

It should be noted that all the TMF calculations shown in Figures 3.30-3.35

were based on the Bodner-Partom model without any strain aging terms and which

used material constants obtained from isothermal data.

The fourth TMF test was conducted on a B1900+HF specimen (Specimen

1C) that was plasma sprayed with a yttrium-stabilized zirconia coating. The

applied TMF cycle was identical to the out-of-phase cycle shown in

Figures 3.34 and 3.35. The stress-strain response of the coated specimen,

shown in Figures 3.36(a) and 3.36(b) for a_ = ±0.4% and ±0.6%, respectively,
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is identical to that of the uncoated specimen (Specimen ID). In Figure 3.36,

only the thickness of the metal substrate was used to compute the stress from

the measured force. These results indicate that the ceramic coating did not

support any loads under the imposedconditions.

Several interesting observations were madewith regard to the coated

specimen: (1) cold spots were observed during TMFtesting, and (2) bulges of

the ceramic coating were observed after the TMFtest. The cold spots and

bulges could be the result of coating delamination along the coating/substrate

interface. Microcracks were also observed on the ceramic coating, as

illustrated in Figure 3.37.

3.5 Microstructure_ Deformation Modes and Dislocation Structure

Transmission electron microscopy (TEM) was performed on selected

B1900+Hf specimens to determine the influence of load and thermal history on

the deformation structure of the alloy. The objectives of these efforts were

as follow: (I) to identify the deformation mechanisms responsible for

possible thermal-history effects in the B1900+Hf material, (2) to identify

microstructural changes, if any, associated with particular thermomechanical

paths, and (3) to provide information For relating the unified constitutive

approach to the underlying deformation mechanisms and dislocation structures.

As discussed earlier, thermal-history effects in the inelastic deformation of

metals have generally been attributed to strain aging and other microstruc-

tural influences. However, there is evidence in the literature which in-

dicates that Ni3Al exhibits anomalous deformation behavior in the intermediate

temperature range (538-760°C) [161. Since B1900+Hf contains approximately 60%

(±5%) volume Fraction of Ni3Al, the possibility exists that thermal-history
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effects in B1900+Hf could be caused by Ni3Al rather than by strain aging or

changes in the microstructure. The TEM efforts were therefore intended to

provide results for testing various proposals concerning thermal-history

effects in the plastic deformation of metals.

For the reason described above, the TEM efforts at SwRI were focused

primarily on tests in which the specimens were deformed under nonisothermal

conditions. In the companion Isotropic Life Prediction Contract, Moreno and

his co-workers [241 at Pratt-Whitney Aircraft have examined the microstructure

and the dislocation structures of the same B1900+Hf alloy deformed under

isothermal conditions. In order to develop a more complete picture of the

deformation behavior of B1900+Hf, important results from Moreno and associates

for the isothermal BI900+Hf specimens will also be briefly reviewed. The

results For the nonisothermally deformed specimens will then be presented and

integrated with those of the isothermal specimens.

Preparation of the TEM foils from the deformed B1900+HF specimens

involved sectioning and mechanical polishing of the specimens into thin 3 mm

diameter disks followed by electropolishing of the disks into thin Foils.

Final thinning of the disks was performed in a Fischione jet electropolisher

with a solution of 300 ml methanol, 220 ml ethylene glycol, and 30 ml

perchloric acid maintained at -38°C. Following thinning, the precipitate and

dislocation structure of the foils were characterized in a Philips 301

transmission electron microscope.

3.5.1 Microstructure

As reported in a previous NASA report, the B1900+HF material used in

the present program was part of a single heat, designated W-0098, obtained
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from Certified Alloy Products, Inc., Long Beach, California. The chemical

composition, casting conditions, and heat-treatments of the B1900+Hftest bars

were reported [2]. As indicated in the micrographs shown in Figure 3.38, the

microstructure of BlgOO+Hf consists of mostly cuboidal y" in a y matrix.

The y" size is approximately 0.6 _m in the as-cast material and is 0.9 _m in

the heat-treated condition. The volume fraction of y" is approximately 60%.

Transmission electron microscopy performed at SwRI on deformed,

nonisothermally tested B1900+Hf specimens has revealed three types of y'

morphologies, including cuboidal y', spaghetti (elongated) y', and

spherical y" of two different sizes which are shown in Figures 3.39(a), (b),

and (c), respectively. These four types of y" were observed in all of the

nonisothermally deformed B1900+Hf specimens. They were all sheared by

dislocations with the highest dislocation density being in the y phase or at

the y/y" interface. In most cases, the y" morphology, as revealed by TEM

replicas shown in Figure 3.38, was of the cuboidal form.

3.5.2 Dislocation Structures

3.5.2.1 Isothermal Specimens

In the Fatigue Life Prediction Contract, Moreno and his co-workers

[24] examined the dislocation structure in BI900+Hf specimens deformed under

isothermal loading. With the permission of the NASA manager, Dr. G. Halford,

for the Fatigue Life Contracts, the results of Moreno, et al. [241 are

summarized in this section for the purposes of comparing them with the

nonisothermal results. For tensile specimens deformed at 538-I093°C at a

strain of 1-1.5%, the dislocations in B1900+Hf were Found mostly in
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(a)

(b)
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(c)

FIGURE 3.39 THE MORPHOLOGIES OF y' OBSERVED IN DEFORMED

BI9OO+Hf: (a) cuboidal y', (b) spaghetti y',

(c) spheroidal y'.
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the y phase and at the y/y" interface forming a cellular network around the

y" precipitates. Figure 3.40 shows that the dislocation network is very dis-

tinctive in specimens deformed at temperatures above 760°C, but is less dis-

tinctive at 538°C. In general, the dislocation density in the cellular net-

work decreases with increasing test temperature which is probably due to

static thermal recovery. Microtwins are also present in specimens tested at

760°C.

The dislocation structure found in isothermal creep specimens also

consisted mostly of cellular networks surrounding the y'. This is illustrated

in Figures 3.41(a),(b), and (c) for creep specimens at (1) 982°C under a

stress of 283 MPa for 4.1 hours, (2) at 871°C under a stress of 427 MPa for

20.6 hours, and (3) at 760°C under a stress of 600 MPa for 134.8 hours,

respectively. The creep strain for these specimens was approximately 3%, and

the reduction in area was 2.4-4.9%. Note also that dislocation segments are

present in the y" of these specimens. As in the tensile specimens, microtwins

are observed in specimens subject to creep at 760°C.

The dislocation structures of low-cycle fatigue specimens tested

isothermally at 538 and at 871°C are shown in Figures 3.42 and 3.43, respec-

tively. In both cases, the imposed strain ranges were 0.25%. The dislocation

structures consist mostly of dislocation segments in y and at the y/y" inter-

face. Dislocation segments in y" are also observed. Distinctive cellular

dislocation networks, however, do not occur in these specimens primarily

because the applied strain ranges are almost completely elastic.

3.5.2.2 Nonisothermal Specimens

Six specimens of B1900+Hf were selected for dislocation structure

characterization in the present program, and their loading histories are
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A

i 1 pm_m___j

E

LI_E..m___J

A. 538°C, 1.5% Strain
B. 760°C, 1.3% Strain

760°C, 4.5% Strain

C. 871°C, 1.2% Strain
D. 982°C, 1.2% Strain
E. 1093°C, 1.0% Strain

TENSILE

FIGURE 3.40
COMPOSITE TEM PHOTOS OF TENSILE TESTED B1900+Hf SPECIMENS

AT VARIOUS TEMPERATURES, FROM MORENO, eta]. [23]
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&, !

FIGURE 3.41 DISLOCATION NETWORKS OBSERVED IN ISOTHERMAL CREEP

SPECIMENS OF B1900+Hf: (a) creep tested at 982°C/

283 MPa for 4.1 hours; (b) creep tested at 871°C/

427 MPa for 20.6 hours; and (c) creep tested at
760°C/600 MPa for 134.8 hours. Results are from

Moreno, et al. [23]
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FIGURE 3.42 DISLOCATION STRUCTURES AFTER BEING LCF TESTED AT 538°C

(IO00°F), 10 cpm, Ac = ±0.25% FOR 12,500 CYCLES, FROM
MORENO, ET AL.[23]
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summarized in Table 3.4. One of these is an isothermal tensile specimen,

three are nonisothermal tensile specimens, and the remaining two are

thermomechanical fatigue specimens. These specimens were selected for the

purpose of illustrating the effects of thermomechanical loading path on the

dislocation structure. Figures 3.44-3.49 show the typical dislocation

structures of the six specimens listed in Table 3.4. The main observations of

the dislocation structures in the B1900+Hfspecimens which are summarized in

Table 3.5 are as follows: (1) there are extremely high dislocation densities

in y and at the y/y" interface in specimens (Specimens J3-1, K3, K9, and 1D)

tested at the intermediate temperatures (538-760°C); (2) there are no large

differences in the dislocation structures between the isothermal and noniso-

thermal tensile specimens except that there are more straight dislocations in

the y" of Specimen J3-1 than in Specimen K3; (3) the dislocation density is

reduced in specimens exposed to temperatures > 760°C (Specimens K2 and 1E)

because of thermal recovery; (4) straight dislocations are observed in y" in

Specimen 1D which was thermomechanically cycled between 538 and 760°C, while

curved (wavy) dislocations are observed in Specimen 1E which was thermomechan-

ically cycled between 538 and 982°C. It is also important to note that all

specimens exhibited extremely dense dislocations in the y and in the y/y" in-

terface cellular networks surrounding the y" which is consistent with the pre-

vious observations by Moreno, et al. Stacking faults were occasionally ob-

served in B1900+Hf, but microtwins were not observed in any of the specimens

tested.

The Burgers vectors of the straight and curved dislocations in

the y" of Specimens 1D and 1E were identified using the conventional two-beam

extinction technique. In this technique, the two orientations of the _ vector
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TABLE 3.4

B1900+Hf SPECIMENS SELECTED FOR NICROSTRUCTURAL CHARACTERIZATION
USING TRANSMISSION ELECTRON NICROSCOPY

Specimen

J3-1

K2

K3

K9

1D

1E

Test Tempt °C

538

760/982/760

760/538

538/760

538 - 760

538 - 982

Strain History

Final Specimen
Tempt °C

Tensile test 538

Step temperature 764
tensile test

Step temperature 538
tensile test

Step temperature 740
tensile test

TMF 649

TMF 649
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FIGURE 3.44 TEM MICROGRAPH OF SPECIMEN J3-1 SHOWING
COMBINATION OF STRAIGHT AND WAVY DIS-
LOCATION IN y' AND EXTREMELY HIGH DIS-
LOCATION DENSITY IN y AND AT y/y'
INTERFACE

FIGURE 3.45 TEM MICROGRAPH OF SPECIMEN K2 SHOWING
LOW DISLOCATION DENSITY IN _', HIGH
DISLOCATION DENSITY AT ¥/y' INTERFACE
AND CURVED (WAVY) DISLOCATIONS IN
y'
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FIGURE 3.46 TEM MICROGRAPH OF SPECIMEN K3 SHOWING

EXTREMELY HIGH DISLOCATION DENSITY IN

Y AND AT y/_' INTERFACE, AND RELATIVELY
LOW DENSITY OF STRAIGHT AND WAVY DIS-

LOCATIONS IN y'

FIGURE 3.47 TEM MICROGRAPH OF SPECIMEN K9 SHOWING

SIMILAR DISLOCATION STRUCTURES AS IN

SPECIMEN K3
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FIGURE 3.48 TEM MICROGRAPH OF SPECIMEN 1D SHOWING

EXTREMELY HIGH DISLOCATION DENSITY IN

Y AND AT y/y' INTERFACE, AND HIGH
DENSITY OF STRAIGHT DISLOCATIONS IN
y_

FIGURE 3.49 TEM MICROGRAPH OF SPECIMEN IE SHOWING

HIGH DISLOCATION AT y/y' INTERFACE,

LOW DISLOCATION DENSITY IN SOME y, AND

RELATIVELY LOW DENSITY OF CURVED DIS-

LOCATIONS IN y'
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(the diffraction vector) for which the dislocations became extinct were

located, and the Burgers vector b of the dislocations was obtained from the

cross product of the two diffraction vectors based on the principle that _ °

b = O. Figure 3.50(a) shows that the Burgers vector for the straight dis-

locations in Specimen 1D is of the <101> type. These are screw dislocations,

i.e., the dislocation lines are aligned parallel to the Burgers vector. On

the other hand, the curved dislocations exhibited in Specimen IE, shown in

Figure 3.50(b), were found to be of mixed character having both edge and screw

components since the dislocation lines are neither normal nor parallel to the

Burgers vector.

An extensive review of dislocation structures in Ni3Al in either

single crystal form or in y/y" alloys has been presented by Pope and Ezz {16}.

Comparing the present results with those summarized by Pope and Ezz [16], it

appears that the straight dislocations observed in Specimen ID are probably

sessile <101> (010) dislocations which are formed as the result of cross slip

from the (111) to the (010) planes. Since these dislocations are immobile,

they are barriers to subsequent dislocations either on the (111) planes or on

the (010) planes. In principle, this hardening mechanism can be operative in

tension, compression or cyclic loading of specimens at the intermediate

temperature regime (538-760°C), but appears to be somewhat more pronounced

under thermomechanical loading as reflected by the greater amount of straight

dislocations observed in Specimen ID. The anomalous hardening observed in TMF

cycling in the 538-760°C shown in Figures 3.31 and 3.33 for Specimens IB and

1D is probably the result of the interactions of mobile dislocations with the

sessile (010) dislocations.
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(a)

• 5um

(b)

FIGURE 3.50 DISLOCATIONS IN THE y' OF TMF SPECIMEN
TESTED AT: (a) 538-760°C (Specimen ID),
and (b) 538-982°C (Specimen IE). The
straight dislocations in Specimen ID ex-
hibit screw character, while those in

Specimen IE show mixed character.
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The above hypothesis is supported by experimental observations made

on Specimen IE. In particular, it was observed that removal of the sessile,

straight screw dislocations in y" by increasing the hot end of the TMF cycle

to 982°C results in the elimination of the anomalous hardening. It is well-

known that the rapid decrease in strength (critical resolved shear stress) of

Ni3Al and of y/y" alloys at temperatures above 871-982°C has generally been

attributed to the activation of (010) slip {25]. At these elevated tempera-

tures, the critical resolved shear stress for the (010) plane is lower and

thermal recovery is more prominent than in the intermediate temperature regime

(538-760°C). The higher test temperature in Specimen 1E is believed to lower

the critical resolved shear stress for (010) slip so that the dislocations on

that plane are mobile and more favored those on the (111) plane. Any sessile

<101> (010) dislocations that are produced at the cold end of the TMF cycle

could become mobile at the hot end (982°C) of the TMF cycle thereby reducing

the amount of straight screw dislocations that are observed. Without these

sessile dislocations in y', there would be no additional barrier to dis-

location motion and therefore no anomalous hardening.

Intense shear bands were also observed in Specimens 1D and IE. As

shown in Figure 3.51(a) and 3.51(b), these shear bands consist of narrow bands

of material containing an extremely high density of dislocations which extend

across both the y and y" phases. The slip bands were oriented on the (110]

a
directions and were composed primarily of _ [110] edge dislocations. Occa-

sionally, slip bands were observed that contained dislocations of mixed or

primarily screw character, as shown in Figure 3.51(c). Observed only in the

TMF specimens which have been cycled at ±.6% for several cycles, these shear

bands were probably formed as the result of the breakdown of the dislocation
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FIGURE 3.51 INTENSE SHEAR BANDS OBSERVED IN SPECIMEN 1E

ARE COMPRISED PRIMARILY OF EDGE DISLOCATIONS

(a and b), AND A SHEAR BAND IN SPECIMEN 1D,

WHICH IS COMPRISED OF MIXED DISLOCATIONS (c)
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cellular structure due to strain cycling. They are likely to lead to fatigue

crack formation, since they tend to concentrate the plastic strain.

3.5.3 Relation of Microstructural Examinations and Unified

Constitutive Theories

One of the important observations of the dislocation arrangements in

isothermally, as well as in nonisothermally deformed B1900+Hf specimens, is

the formation of cellular dislocation networks around the y' precipitates.

That fewer dislocations are observed within the y' can be rationalized on the

basis that the phase ordered structure of y' requires dislocations within it

to occur as pairs separated by an anti-phase boundary of relatively high

energy [16]. To minimize the total energy associated with the dislocation,

dislocations which shear the y' are stored and rearranged in the y and at the

y/y' interface into a cellular network. Such dislocation cell structures

appear to form at relatively low strain levels (a few percent) and appear to

be the stable configuration for specimens tested under different loading paths

including isothermal tensile, isothermal creep, nonisothermal tensile, and TMF

loading. The theoretical implication is that the saturation stress concept

postulated in many unified constitutive models can be considered to be the

flow stress associated with the saturated dislocation configuration, i.e., the

stress required to move dislocations to and from the walls of the dislocation

cellular network. Since the saturated dislocation structure is independent of

the thermomechanical loading path, the saturation stress and the limiting

values of the internal hardening variables should therefore be independent of

the thermomechanical loading path. The values of the saturation stress

should, however, depend on temperature and strain rate indicating the

dependence of the critical resolved shear stress on these quantities.
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The dislocation structure in specimens which have not reached the

saturated state condition depends on their previous deformation history, and

can be quite different in appearance from that of the saturated configuration.

For example, the dislocation structures associated with strain cycling at low

strain levels in Figures 3.42 and 3.43 consist mainly of dislocation segments

in y' without a very distinctive cellular dislocation network in y and at

the y/y' interface. It appears that the dislocation structure evolves with

plastic deformation from a low density state to a saturated state with in-

creasing inelastic strain or plastic work. The evolution equations for the

hardening variable that are used in the unified approach are continuum re-

presentations of the evolution of dislocation structures in the deformed

metals. The rate of hardening corresponds on the rate of dislocation inter-

action and rearrangement into cellular structures. For B1900+Hf and Mar-M247,

the saturated configurations can be attained at a few percent strain.

The rearrangement of dislocations into cellular structures im-

plicitly suggests a dynamic recovery process since it is a means to reduce the

interaction energy between dislocations. The observation that the cellular

structure can be attained at low temperature without the benefit of thermal

recovery clearly indicates the presence of a deformation-induced recovery pro-

cess. The use of dynamic recovery terms in the evolution equations for the

hardening variables, leading to saturation conditions, is thereby justified.

The experimental evidence also shows that thermal recovery reduces

the dislocation density in the cellular structure. The static thermal re-

covery terms in the hardening equations are the continuum representations of

this process. At elevated temperature, steady-state is controlled by the

balance of the hardening and static thermal recovery terms. Consequently, the
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high temperature steady-state structure can be different from the saturated

structure. In B1900+Hf, this difference is manifested as a reduction in the

dislocation density in the cellular structure. In the unified models, it is

represented by the fact that the steady-state values of the hardening vari-

ables (isotropic and directional hardening) are generally lower than their

respective limiting values due to the presence of the static thermal recovery

terms.

The cell size of the dislocation configuration tends to decrease

with stress in many metals. For B1900+Hf and possibly other strengthened

alloys, the dislocation network is formed as the result of storing disloca-

tions in y and at the y/y' interface. The size of the dislocation cell struc-

ture appears to be controlled by the y' size and is relatively independent of

the stress level. This effect can be seen by comparing the dislocation cell

size associated with the cuboidal y' with those of the spaghetti y', with the

latter being larger because of the larger spaghetti y' size.

Thermal history effects in inelastic deformation are generally

considered to be induced by strain aging or other microstructural influences

[8,9,18]. For the B1900+Hf and Mar-M247 materials studied in the present

program, there are no indications that strain aging plays an important role in

the constitutive response of these alloys under thermomechanical loading.

There are, however, some indications that interactions of dislocations in the

ordered y' phase might be somewhat dependent on the thermomechanical loading

path. This may be due to the Forming of sessile (010) screw dislocation

in y' which can occur only at the immediate temperature regime and is most

pronounced under thermomechanical loading. Even under those conditions, this

additional "anomalous" hardening effect is relatively minor compared to
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conventional hardening due to y' and dislocation cell walls. Ignoring the

effects of the sessile (010) dislocations in the Bodner-Partom model has not

been found to introduce any significant errors in the predicted TMF calcula-

tions.

Based on these micromechanical considerations, it is fair to con-

clude that the basic framework of the unified approach appears to be adequate

for the class of materials studied in this program. In particular, the use of

one kinetic equation for describing all aspects of inelastic flow, including

plastic deformation, creep, and stress relaxation is fundamentally valid and

supported by the dislocation structures observed on the deformed specimens.

The general form of evolution equations for the hardening variables is also

consistent with the various features of the dislocation configurations. For

materials with stable microstructures, it does not appear that the hardening

mechanisms under isothermal loading conditions are significantly different

from those under nonisothermal loading conditions. It is therefore not

necessary to introduce additional hardening terms into the evolution equations

to account for thermal history effects other than those representing the vari-

ation of material constants with temperature.

3.6 Discussion of Thermal History Effects

The conclusion obtained here that nonisothermal behavior can be

predicted on the basis of isothermal data is different from those of other

investigations [8-10,26]. It is therefore of interest to compare and discuss

the present Findings with those of Pelloux and Marchand [26] and of Robinson

and associates [8-10]. In a recent report [26], Pelloux and co-workers

examined the thermomechanical cyclic stress-strain response of B1900+Hf in the
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temperature range from 400 to 925°C. By comparing the values of the stress

range as a function of the strain amplitude for the TMF cycles with the

isothermal strain cycles, they observed differences in the hardening behavior

and concluded that it was difficult to predict the cyclic stress-strain

behavior under TMF conditions from isothermal data. Their conclusion was

directed mainly to the observation that the stress-strain responses of

B1900+Hf under TMF cycling were different from those under isothermal

conditions. Those differences arose because they comparedthe cyclic response

characteristic of B1900+Hf subjected to very different thermomechanical

loading histories. Since inelastic deformation is history dependent, it is

therefore not surprising that a different response was observed for the

different deformation paths; such differences of cyclic response were also

observed in the present result. Our contention is that it is possible to

obtain material constants in a unified model using only isothermal data and to

apply the model for thermomechanical loading conditions. Without such a

model, comparison of stress-strain responses of different thermomechanical

histories is not meaningful.

In a series of papers {8-10], Robinson and associates expressed the

view that inelastic deformation under nonisothermal loading conditions cannot

be predicted based only on isothermal data. In particular, they reported ex-

perimental data of step temperature cyclic tests of Hastelloy-X, which showed

that the stress response associated with strain cycling at 424°C after initial

cycling at 649°C was different from the isothermal response at 424°C. On the

other hand, the stress response associated with step temperature cycling from

427°C to 649°C was in good agreement with the isothermal data. The latter be-

havior was observed in the step temperature cyclic tests of the B1900+HF
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material in this program. The lack of agreement between the isothermal and

nonisothermal data of Hastelloy-X subjected to strain cycling with temperature

changes from 649°C to 424°C was attributed to dynamic strain aging [8-I0J,

which was recently confirmed by Miner, et al [27]. Since dynamic strain aging

is not a factor in the BI900+Hf and MAR-M247 materials, the conclusions

reached in the present program do not contradict those of Robinson. More

recent work by Bartolotta and Ellis [28] on the Hastelloy X under isothermal

and thermomechanical cycling suggests some correlation is possible between

isothermal and nonisothermal cyclic response. Based on our experience and

that of Robinson and co-workers, it is fair to conclude that isothermal data

are sufficient for evaluating all the model constants in the unified models

for materials which do not exhibit strong dynamic strain aging, plasticity-

induced precipitation, or large microstructural changes in the temperature

range of interest. The question of whether isothermal data is sufficient for

evaluating all the model constants in a unified model for materials which

exhibit concurrent plasticity-induced precipitation (e.g., 316 stainless

steels and the Hastelloy-X alloy) remains open. Further work is required in

this area.
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4.0 APPLICATION OF CONSTITUTIVE MODEL TO AN ALTERNATE MATERIAL (TASK L)

The application of the Bodner-Partom model to the alternate mate-

rial, Mar-M247, was conducted in three phases. In Task LI, the minimum number

of monotonic tensile, creep, and isothermal cyclic constitutive tests (both

uniaxial and biaxial) was conducted to generate a data base for determining

the model constants. Task LI was completed last year, while Tasks L2 and L3

were completed this year. In Task L2, three cyclic thermomechanical tests

were performed using the same test parameters that were employed in Task K for

the base material. The applicability of the Bodner-Partom model was demon-

strated for Mar-M247 in Task L3 by performing computations for the thermo-

mechanical test cycles.

For these tasks, a total of twenty (20) Mar-M247 specimens were

fabricated. Fourteen (14) specimens were used for isothermal tension, creep,

and cyclic strain tests; three (3) specimens were used for isothermal biaxial

tests and three (3) specimens for the TMF tests.

4.1 Experiments

4.1.1 Isothermal Tensile_ Creep_ and Cyclic Testing

Tensile tests with strain rate jumps were conducted for Mar-M247

using the procedures described in [6]. The tensile tests involved extending

the specimen at an initial strain rate, _i' to a prescribed 2% strain level

(corresponding to the saturation stress level). After reaching the prescribed

strain, Four changes of strain rate were imposed. The tensile test matrix for

' Mar-M247 is shown in Table 4.1. In addition, isothermal cyclic and creep

tests were performed for Mar-M247. As indicated in the test matrix, the
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TABLE 4.1

ISOTHEP,HAL TENSILE, CYCLIC AND CREEP TEST
NATRICES FOR Nar-N247

Mar-M247
23 648 _ 982

X X X X X
1093

X

_i = 1x10"4 sec "], _] = 7x10-6 sec-1

_3 = 1x10"4 sec "1 k4 ]x]O-3 sec-]

, E2 : 1x70-5 sec-]

CYCLIC TEST MATRIX FOR Mar-M247

Temperature, °C
kl sec']
_ __fl :-_.25_

_ _ _2=_.4%
23 5x ] 0"4

X X

648 5x 10"4 X X

871 5x]0-4 X X

982 5x] 0"5 v

1093 5x10 -5 "
X X

af3 :-+"6%

X

X

X

X

X

CREEP,TEST MATRIX FOR Mar-M247

Temperature, :C

871
600 MPa

982
300 MPa

]093
]50 MPa
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cyclic tests were conducted at three strain range levels (0.25%, 0.4% and

0.6%) and at Five temperatures (23, 648, 871, 982, and 1093°C). Only three

creep tests were performed under conditions listed in Table 4.1.

The biaxial deformation behavior of Mar-M247 was examined using

three nonproportional strain cycles. The first strain cycle was conducted at

648°C and contained the strain history sequence: (1) 90 ° out-of-phase com-

bined tension-torsion, (2) in-phase combined tension-torsion, (3) fully

reversed torsion, and (4) fully reversed tension. The strain sequence was

conducted under strain-controlled condition and was repeated on the same

specimen at two effective strain ranges (±.4% and ±.6%). The second nonpro-

portional strain cycle was identical to the first one, but was performed at

982°C. The third strain cycle was a combined tension-torsion cycle conducted

under 90 ° out-of-phase condition with strain hold at each of the strain

peaks. The test temperature was 982°C, and the imposed effective strain range

was ±0.4%.

4.1.2 Nonisothermal Tensile and TMF Testinq

Two nonisothermal (step temperature) tensile tests were performed on

the Mar-M247 specimens. In one case, the specimen was pulled at 760°C at _ =

ix10-4 sec -I until a strain of = 1.0% was reached. The test temperature was

then changed to 649°C. Straining at 649°C was continued until a strain of

= 2% was reached. The test temperature was then changed back to 760°C. All

the temperature change was done while straining at _ = ix10 -4 sec -I. The

other nonisothermal tensile test was performed in a similar manner, but the

applied temperature sequence was 649°C and 760°C. An out-of-phase thermo-

mechanical cycle identical to that of Specimen 1E (see Table 3.3) was also

120



performed for Mar-M247. The temperature range for the TMF cycle was 538-

982°C, and the imposed mechanical strain ranges were ±.4% and ±.6% at a rate

of ±ixlO -4 sec -I.

4.2 Correlation of Model and Experiment

Comparisons of calculations based on the Bodner-Partom model and ex-

perimental results were presented for isothermal tensile, creep, and cyclic

tests of Mar-M247 in the annual report {6I of last year (1986). For complete-

ness, some of these comparisons are summarized here together with the

nonisothermal test results obtained recently. The same set of material con-

stants, which were determined from isothermal tensile and creep data shown in

Table 4.2, was used for all the isothermal and nonisothermal calculations.

The temperature dependence of material constants with temperature are shown in

Table 4.3. The procedures for obtaining the material constants were described

in Ref. [6I. Determination of the essential constants at the lower tempera-

tures (23-648°C) was not possible since strain aging effects obscured the

normal strain rate dependence of the flow stress. As a consequence, the value

of ZI obtained at the higher temperatures was assumed to be constant, and the

associated value of n at the lower temperatures was obtained from the satur-

ated flow stress.

Correlation of model and experimental tensile stress-strain curves

for six test temperatures at _ = lxlO-4 sec -1 is shown in Figure 4.1. The

unusual temperature behavior at the lower temperature appears to be due to

strain aging effects which were directly incorporated in the hardening

constants. This procedure can be done for a single strain rate but does not

demonstrate the influence of strain aging on the applicable strain rate
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TABLE 4.2

BODNER-PARTON MODEL CONSTANTS FOR Mar-N247

Temperature -

mI = .l MPa -l

:l = 0.0

Zl = 1.64xlO 4 MPa

rI = r2 = 3

D = IxlO 4 sec -l
0

Independent Constants

Temperature - Dependent Constants

Temperature, °C
Constants 23 648 760 871

n .556 .556 .556 .522

m2 (MPa-l) l.35 .47 .47 l.35

Zo (MPa) 1.6x]O 4 l.6xlO 4 1.6x]O 4 1.3x]O 4

Z2 (MPa) 1.6xlO 4 l.6xlO 4 1.6xlO 4 l.3xlO 4

Z3 (HPa) 5xlO 3 5x]O 3 8.63xi03 8.63xi03

Al=A 2 (sec -l) 0 0 0 2x]O "2

E (MPa) l.9xlO 5 l.61xlO 5 1.71xlO 5 l.49xi05

982

.467

1.35

1.2xlO 4

1.2xlO 4

8.63x]03

.25

1.29xlO 5

I093

.415

l .35

l .05xlO 4

l.05xlO 4

8.63xi03

2

9.7xi04
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TABLE 4.3

TEMPERATURE DEPENDENCE OF THE BOONER-PARTON MODEL CONSTANTS
FOR Mar-M247

n = .556 T _<823°C

n = -.1575 +
781.95

T+273

Zo = Z2 = 1.6 x 104 MPa

Zo = Z2 = -6.5617 x 103 +

A1 = A2 = 3.3064 x 1010

823°C _<T <_ I093°C

T _< 760°C

7
2.3305 x I0

T+273
MPa 760°C _<T _< 1093°C

exp 3.214 x 104 ] -1- T+273 sec T <_ I093°C
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sensitivity. As a consequence, the proper strain rate sensitivity in the

presence of strain aging would not be indicated. Figures 4.2(a), (b), (c),

(d), (e), and (f) show comparisons of model calculations and experimental re-

sults for the stress-strain response under variable strain rate conditions at

23, 648, 760, 871, 982, and 1093°C, respectively. The poor correlations of

the predicted strain rate dependence of the flow stress with the test results

at 23 and 648°C are due to strain aging effects which are currently not in-

cluded in the model. Comparison of model and experimental creep curves under

an applied stress of 60 MPa at 871°C is presented in Figure 4.3. For cyclic

loading, the Bodner-Partom model predicts the stress range at a given imposed

strain range reasonably well, but the calculated hysteresis loops are slightly

overly squared, as demonstrated in Figure 4.4.

Correlations of model and experiment for biaxial loading under

nonproportional 90 ° out-of-phase tension-torsion strain cycling at 648°C are

shown in Figure 4.5. The imposed effective strain range is ± 0.4%. As shown

in Figure 4.5, the o-V3T loci at 648°C are predicted by the model, but

individual hysteresis loops are larger than those experimentally observed. A

comparison of model prediction and experimental data for 90 ° out-of-phase

tension-torsion strain cycling with strain hold at the strain peaks is shown

in Figure 4.6. In this case, the model also slightly overpredicts the

tension/compression stress range and the width of the associated hysteresis

loop.

Figure 4.7 shows the nonisothermal tensile test result for the case

in which the specimen was pulled initially at 760°C. The test temperature was

then reduced to 649°C at a cooling rate of 4.4 °C/sec after the mechanical

strain reached _.75%. The test temperature reached 649°C at a mechanical
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strain of =1.0%, and straining continued until E _ 1.85%. The test tempera-

ture was then increased to and maintained at 760°C until the mechanical strain

reached 3%. The imposed mechanical strain rate was lx10 -4 sec-1 throughout

the test. Figure 4.7 also shows the Bodner-Partom model calculation obtained

on the basis of material constants determined from isothermal data. Good

agreement is observed between theory and experiment. In Figure 4.8, the test

conditions were similar to the one in Figure 4.7, with the exception that the

temperature sequence was 649°C and then 760°C. Goodagreement between theory

and experiment is also obtained in this case. Figures 4.9(a) and 4.10(a) show

the experimental results for the out-of-phase TMF cycle for the mechanical

strain ranges of ±.4% and ±.6%, respectively. The temperature range for the

TMFcycle was 538-982°C, and the mechanical strain rate was lx10-4 sec-1, The

corresponding Bodner-Partom model calculations are shownin Figures 4.9(b) and

4.10(b). The good agreement between theory and experiment indicates that the

thermomechanical deformation behavior of Mar-M247 can be predicted on the

basis of isothermal data only.

4.3 Discussion

The objective of Task L was to demonstrate the general applicability

of the Bodner-Partom model and the associated procedures For determining

material constant, which were developed for the material BIgOO+Hf, to the

alternate material, Mar-M247. In order to evaluate critically the proposed

methodology, only a limited amount of test data (mainly isothermal tensile and

creep data) were used for obtaining the material constants. The Bodner-Partom

model used in this exercise did not include a strain aging term, and all the

model calculations including those of nonisothermal and TMF loading were based
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on isothermal material constants. The good overall agreement between model

and experiment for uniaxial and multiaxial strain cycling, and nonisothermal

tensile and thermomechanical loading confirms the conclusion previously ob-

tained for B1900+Hf: (1) material constants for the Bodner-Partom model can

be determined based only on isothermal tensile and creep data; (2) no addi-

tional terms are required in the evolution equations of the hardening vari-

ables for representing thermal-history effects. The possible influence of

thermal history on inelastic flow can be adequately obtained by integrating

the constitutive equations for the imposed thermal and loading histories.
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5.0 SUMMARY

The concept of unified constitutive equations for elastic-

viscoplastic material behavior has been in existence for twenty years, and the

subject has undergone extensive development and application during the past

ten years. This program has shown it to be a valid and reliable working tool

for some of the more sophisticated engineering applications of materials where

strain rate and temperature-dependent inelastic deformations are experienced.

This conclusion is based upon: (i) the demonstrated capability of two avail-

able unified constitutive models to correlate a wide ranging set of both uni-

axial and multiaxial test data on nickel-base alloys at high temperature and

(2) the efficient implementation and use of these constitutive equations in a

general purpose Finite element structural code.

To summarize, the main accomplishments of this NASA-sponsored re-

search program are:

I.

.

o

The unified approach For elastic-viscoplastic constitutive
equations has been shown to be a valid and workable method for

representing and predicting material response characteristics

in the ranges where strain rate and temperature-dependent in-
elastic deformations are experienced.

A sophisticated test program on two high temperature alloys has

been conducted over a wide temperature range for a variety of

uniaxial and in- and out-of-phase multiaxial loading condi-
tions, including thermomechanical cycling. The results of the

test program provide a data base for evaluation of the repre-

sentational and predictive capability of constitutive equa-
tions.

The program has motivated further development of the two sets
of constitutive equations under examination.

Walker Equations: modification of the governing kinetic equa-

tion; some modifications to the hardening evolution equations;
demonstration of temperature dependence of material constants.
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.

o

.

.

Bodner-Partom Equations: development of procedure for deter-

mining material constants from monotonic loading test data;

development of method for including additional hardening due to

nonproportional multi-axial loading; demonstration of tempera-
ture dependence of material constants.

Explicit procedures were developed for determining all material
constants from isothermal test data.

The two unified constitutive equations under examination have

been incorporated into the MARC finite element code. A number

of numerical exercises have been run including thermomechanical

cycling histories on components of the hot section of gas
turbine engines.

Particular material effects have been examined in the test

program with regard to their possible inclusion, if required,
in the constitutive equations. These consist of:

a. additional hardening due to nonproportional multiaxial
loading;

b. thermal history effects;

c. strain aging effects; and

do effects of thin coatings and grain size on mechanical

response.

Comparisons have been made of features of the two sets of con-

stitutive equations with regard to alternative methods of

describing directional hardening and measures of hardening.
However, no decisive preferences can be stated.
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